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Abstract The Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) experiment onboard
the Rosetta spacecraft currently orbiting comet 67P/Churyumov-Gerasimenko has yielded unprecedented
views of a comet’s nucleus. We present here the first ever observations of meter-scale fractures on the surface
of a comet. Some of these fractures form polygonal networks. We present an initial assessment of their
morphology, topology, and regional distribution. Fractures are ubiquitous on the surface of the comet’s
nucleus. Furthermore, they occur in various settings and show different topologies suggesting numerous
formation mechanisms, which include thermal insulation weathering, orbital-induced stresses, and possibly
seasonal thermal contraction. However, we conclude that thermal insolation weathering is responsible for
creating most of the observed fractures based on their morphology and setting in addition to thermal models
that indicate diurnal temperature ranges exceeding 200 K and thermal gradients of ~15 K/min at perihelion are
possible. Finally, we suggest that fractures could be a facilitator in surface evolution and long-term erosion.

1. Introduction

The Rosetta spacecraft was inserted into orbit around comet 67P/Churyumov-Gerasimenko (hereinafter
referred to as comet 67P) on 6 August 2014. Since then, the comet’s nucleus has been extensively imaged
and monitored by the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) [Keller et al.,
2007] at high spatial resolutions reaching ~0.15 m/pixel. The OSIRIS images have shown the surface of
comet 67P to be morphologically complex with several terrain types and numerous intricate features
[Sierks et al., 2015; Thomas et al., 2015a], which include active pits [Vincent et al., 2015], aeolian-like features
[Thomas et al., 2015b], boulder fields as well as bright, potentially water ice-rich boulders, and conical
structures possibly suggestive of fluidized surface flows [Thomas et al., 2015a]. In addition to these
features, images of submeter resolution, acquired when the spacecraft was orbiting <20km above the
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Figure 1. OSIRIS narrow-angle camera (NAC) images showing the comet in two viewing angles acquired in August 2014.
Orange squares show the approximate location of some of the notable fractures observed on the surface. Labels
refer to the names of some of the regions that have been defined on the surface and mentioned in this study as
well as the approximate location of the other figures in the paper. The white arrow shows the approximate location
of the Aker region beyond the limb. Refer to Thomas et al. [2015a] for more information regarding the regions
and their boundaries. Image IDs: (left) NAC_2014-08-06T02.43.16.574Z_ID30_1397549100_F22 and (right)
NAC_2014-08-16T13.59.14.564Z_ID30_1397549600_F22.

surface, have shown that many regions on the comet, especially those composed of consolidated materials
[Thomas et al., 2015a; El-Maarry et al,, 2015], are fractured forming various patterns. We present these
fractures here in detail for the first time and give an initial assessment of their morphology, topology, and
distribution.

2. Methods and Data Sets

OSIRIS consists of a narrow-angle (38.4x38.7 mrad field of view (FOV)) camera (NAC) designed for the
mapping of the comet’s surface with 12 filters covering the spectral range of 250-1000 nm in high spatial
resolution, and a wide-angle (198 x 211 mrad FOV) camera, which is optimized for gas and dust studies in
the vicinity of the comet with 14 filters in the spectral range of 240-720 nm [Keller et al., 2007]. In this
study, we concentrate on NAC images acquired from the time of first orbit insertion (6 August 2014) to 1
March 2015, in particular those taken with the “orange” filter (centered at ~647 nm) during close orbits
(~8-18 km above the surface of the nucleus) because high spatial resolution is required to identify and
characterize most of the fractures. Due to the need for an accurate knowledge of the size scale of the
features of interest, we employed a technique by which the information from the most recent shape
models were combined with 3-D visualization tools to extract the exact spatial resolution of the OSIRIS
images at the features of interest (refer to supporting information Text S1 for details).

3. Observations

Comet 67P has a bilobed shape (Figure 1) comprising a large lobe (4.1 x3.3x 1.8km, called the body)
connected to a smaller lobe (2.6 x 2.3 x 1.8 km, called the head) by a short “neck region” [Sierks et al., 2015].
A regional assessment of the surface morphology has resulted in the classification of the comet’s surface
into distinctive regions based on morphological and structural attributes [Thomas et al., 2015a; El-Maarry
et al,, 2015, Figure 1]. Our initial assessment of the fractures distribution suggests that they are globally
present on the surface of the nucleus (Figure 1), particularly in consolidated regions [Thomas et al., 2015a],
wherever images with high enough spatial resolution are available. These fractures are present in one of
four distinctive settings briefly described below.

3.1. Fracture Networks

This is the most common setting observed generally on quasi-flat surfaces (Figure 2). The fractures are
generally narrow (submeter in width) and resemble mode-I tensile fractures [e.g., Gudmundsson, 2011]. The
fractures create irregular polygonal patterns in many cases. Fractures vary greatly in length from a few
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Figure 2. Fracture networks on the surface of the comet. Yellow arrows show the approximate direction of sunlight.

(a) Polygonal fractures on the edge of the Apis region on the body lobe (Figure 1). Upon close inspection (inbox), the
patterns are composed of irregular 2-5 m wide polygons. Also to note is the pattern of shadows running from the top left to
the lower right (orange arrows), which may indicate vertical displacement. (b) A pervasively fractured region at the edge of
the Atum regions close to the neck. Fractures vary greatly in length and mode of intersection forming highly irregular
polygons. The longest visible facture is ~250 m. Within this irregular pattern, a more regular pattern of 2-6 m wide polygons
is visible in a number of regions (inbox). (c) Regular patterns in at the edge of Nut depression creating ~15 m wide polygons
with orthogonal fracture intersections. (d) Polygonal patterns on the edge the ridge separating Anubis/Atum from Ash
and Seth regions. Image has been overexposed to highlight the shadowed features. Smaller embedded polygons are
2-5m wide. Image IDs: (Figure 2a) NAC_2015-02-14T10.35.40.393Z_ID00_1397549000_F82, (Figure 2b) NAC_2014-09-
30T08.54.41.560Z_1D30_1397549700_F22, (Figure 2c) NAC_2014-11-12T15.18.52.608Z_ID30_1397549600_F22, and
(Figure 2d) NAC_2014-10-14T18.58.11.9227_1D30_1397549400_F22.

meters to ~250 m in length. Similarly, the angles of intersections of the fractures are variable. However, some
locations (e.g., Figure 2c) show orthogonal intersections that may be indicative of a slowly evolving uniformly
stressed system [El-Maarry et al., 2012, 2014, and references therein]. Interestingly, a number of locations (e.g.,
Figures 2a and 2b) display embedded hummocky morphology that could indicate the presence of smaller
and more ordered polygonal fractures morphologically similar to periglacial high-centered thermal
contraction polygons on Earth and Mars [e.g., Marchant et al., 2002; Levy et al., 2010].

3.2. Fractures on Cliffs

Fractures are similarly observed on the edges of cliffs (Figure 3) in a number of regions but are mostly observed in
the Seth region in the weakly consolidated units, which were referred to as “brittle” units by Thomas et al. [2015a.
In some locations, the feet of the fractured cliffs are covered by debris deposits, which suggest continuous mass
wasting events triggered by the fracturing process. Other locations show what appear to be recently formed
fractures crosscutting older ones (Figures 3b and 3c), which suggests a periodically continuous process.
Incidentally, the Philae lander sent images prior to its hibernation showing a heavily fractured overhang
(informally dubbed “Perihelion cliff,” http://www.esa.int/spaceinimages/Images/2015/01/Perihelion_Cliff),
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Figure 3. (a) NAC image of the Ash region in the foreground and the regions of Hathor and Anuket in the background. Boxes show the locations of the highlighted
regions in Figures 3b and 3c. (b) Close-up of the fractured scarp showing what appears to be a new fracture (yellow arrow) cross cutting two older fractures (orange arrows).
The new fracture is 100-125 cm wide and is expected to lead to mass wasting of the fractured scarp. (c) Another small fracture (yellow arrow) that appears to cut though
the scarp edge and the smooth coating on the top, which is a morphologic characteristic of the Ash region. (d) Cropped NAC image of another mesa in the Seth region
showing a similarly fractured scarp (arrowed) and a debris field in at the foot of the cliff suggesting a progressive process of mass wasting. Image ID: (Figures 3a-3c)
NAC_2015-02-14T10.18.40.360Z_ID00_1397549000_F82. (Figures 3d) NAC_2014-10-01723.29.53.545Z_ID30_1397549300_F22.

which may indicate that this fracture setting is common on the surface of the comet in addition to
polygonally patterned systems (section 3.1).

3.3. Fractured Boulders

Irregular fractures are observed on a number of large (20-60 m wide) boulders scattered on the surface of the
comet (Figure 4). In some cases, the fractures appear to have pervasively fragmented the boulders (Figure 4a),
whereas in other cases, they appear to be confined to sharp and polished surfaces (Figure 4b), which may
represent an erosional sequence where boulders become increasingly fragmented with time. Fractures are
mostly linear but in some instances may form conchoidal patterns (Figure 4b).

3.4. Unique/Special Fracture Systems

Apart from the three main settings described above, three unique features are observed on the surface: (1) a
~500 m long fracture system in the Anuket region (Figure 4c), (2) a 200 m long angular fracture system in the
Aker region (Figure 4d), and (3) a set of parallel longitudinal fractures on the cliff of Hathor (Figure 4e). These
unique features have already been mentioned briefly in recent publications [e.g., Thomas et al., 2015a; Marchi
et al., 2015].

In the case of the Anuket feature, the morphology of the fracture and the lack of visible shear displacement
suggest that it could be either tensile or compressive in nature. However, no associated ridges or thrust faults
indicative of a compressive regime are observed in the near vicinity. In addition, closer inspection of this
fracture reveals that it is in fact composed of a number of similarly aligned smaller fractures (Figure 4c),
which suggests that a prolonged tensile stress field affects this region. Similarly, the angular fracture
system in Aker is an isolated feature in the context of the surrounding morphology. Moreover, it is the
only feature that shows possible signs of out-of-plane shear displacement (mode lll) in addition to mode |,
which is suggestive of a highly complex yet localized stress field.

Finally, the Hathor cliff displays an extended set of fractures which cut almost perpendicularly a set of
multiple strata ~900 m wide (see Figure S1). Some of the fractures (~200 of them) are > 350 m in length.
However, more than 90% of them are smaller than 150 m long.
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4. Potential
Formation Mechanisms

With the exception of one notable feature
(the Aker fracture system), there is little
evidence for the presence of shear-
dominated fractures. Similarly, no tec-
tonic thrust structures are observed in
the vicinity of the observed fractures
making the role of compressional stresses
unclear at best. Therefore, we conclude
that most of the fractures we observe in
this study are driven by tensile stresses.

On Earth and other planetary bodies such
as Mars, tensile fractures develop through
three common processes: (1) loss of vola-
tile materials (e.g., desiccation), (2) thermal
contraction or contraction/expansion
cycles, and (3) tectonic processes.

Comets as well as other small bodies
devoid of a permanent thick atmo-
sphere are known to undergo high
fluctuations in surface temperatures on
diurnal and seasonal scales, as well as
subsurface temperatures depending on
the thermal conductivity of the surface
materials. Our first-order thermal mod-
els following the algorithm of Spencer
et al. [1989] for comet 67P result in diur-
nal surface temperature fluctuations of
~120K-350K in illuminated regions at

Figure 4. (a, b) NAC images showing fractured boulders in the Imhotep
(Figure 4a) and Atum (Figure 4b) regions. Fracturing in the Imhotep
boulder is so pervasive it has led to fragmentation of the 60 m wide
boulder. (c) 500 m long fracture system in the Anuket region. The linear
feature consists in fact of a number of aligned smaller fractures (black
arrows). (d) Angular fracture system in the Aker region. Yellow arrow shows the
direction of sunlight. (e) Longitudinal-parallel fracture system on the Hathor cliff.
Image IDs: (Figure 4a) NAC_2014-09-29T12.59.59.587Z_ID30_1397549100_F22,
(Figure 4b) NAC_2015-02-14T09.30.51.350Z_ID00_1397549000_F82,
(Figure 4c) NAC_2014-08-26T06.42.56.564Z_1D30_1397549200_F22,
(Figure 4d) NAC_2014-09-19T09.38.55.332Z_ID30_1397549100_F22,

perihelion (1.3 AU, Figure 5). Assuming
a thermal inertia of 50JK 'm2s7°°
consistent with measurements by the
Microwave Instrument on the Rosetta
Orbiter (MIRO) [Gulkis et al, 2015], and
measurements at other comets [e.g.,
Groussin et al., 2013], we derive high tem-
perature gradients exceeding 15K/min

for short periods (Figure 5).

and (Figure 4e) NAC_2014-08-07T720.37.34.564Z_ID30_1397549300_F22. L .
The Iarge temperature variations in terms

of estimated gradients and diurnal
range may lead to fracturing either on the short term as thermal shock or on the long term as thermal
fatigue, respectively, in a process collectively referred to as thermal insolation weathering [Hall and
Thorn, 2014, and references therein] (refer to supporting information Text S2 for additional information).
This process is a common weathering process on Earth and is expected to fracture materials even at stress
levels significantly lower than their bulk tensile strength through the development of microcracks that act
to weaken the affected material.

Thermal weathering has been invoked to explain mechanical breakdown (including fractured boulders) in
arid landscapes on Earth [e.g., McFadden et al., 2005], Mars [e.g., Viles et al., 2010; Eppes et al., 2015], and
asteroids [e.g., Dombard et al., 2010]. In addition, thermal stresses have been invoked recently to explain
the production of debris on airless bodies [Molaro et al., 2015], including asteroids [Delbo et al., 2014] as
well as the formation of lineations on asteroids [Dombard and Freed, 2002].
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Figure 5. (a) Surface temperature profile and (b) a theoretical calculation for a maximum temporal thermal gradient that
might be expected at 67P in its current orbit. The model assumes an insolation profile going from dawn (0 h) to midday
at which point the Sun is at zenith. At exactly this time, the surface passes into shadow over a period of 2 min (simulating
the approximate diameter of the Sun). The surface cools rapidly for the rest of the 12.4 h rotation period. A thermal inertia of
50JK~ " m 257 has been assumed for the surface consistent with measurements by MIRO [Gulkis et al., 2015] and
measurements at other comets [e.g., Groussin et al., 2013]. Solution of the 1-D thermal balance equation when the comet is
at perihelion (1.3 AU) shows that the diurnal temperature range exceeds 200 K. In addition, d7/dt can exceed —15K min~"
under these conditions. The heating during the morning reaches a peak of about +3 K min~". It should be noted that
Delbo et al. [2014] have demonstrated that thermal weathering maybe a key factor in debris production on asteroids
through fracturing using temperature gradients that are almost a factor of 5 less than what we derive as an upper limit
for comet 67P.

With regards to diurnal temperature ranges, our derived range of ~230K is also higher than that modeled by
Delbo et al. [2014] (190 K), and comparable to estimated diurnal ranges for the Moon (~250-300K) [Vasavada
et al,, 1999], which have been shown by Molaro et al. [2015] to induce thermomechanical weathering of the
Lunar surface through thermal fatigue.

It should also be noted that since the temperature of the comet is expected to be very low even at depth
throughout its revolution around the Sun, irrespective of the large diurnal changes, fractures are expected
to develop readily because of the brittle nature of the surface materials and are even expected to
propagate to depths of up to 25 times that of the diurnal thermal skin depth (estimated to be ~6 mm by
MIRO, [Guilkis et al., 2015]) assuming an ice-rich silicate substrate [Maloof et al., 2002].

Moreover, given high enough thermal inertia (and the presence of subsurface ice), seasonal thermal skin
depths may penetrate to significant depths to affect subsurface temperatures and potentially lead to the
development of cracks as a result of seasonal thermal contraction. The possible presence of embedded
small polygons resembling high-centered seasonal thermal contraction polygons within larger irregular
fractures systems (section 3.1) poses interesting questions because polygons tend to become more
geometrically ordered as they become larger and commonly vary with size from smaller hexagonal
irregular polygons to larger more ordered four-sided polygons with orthogonal or near-orthogonal fracture
intersections [e.g., El-Maarry et al., 2010, and references therein]. Generally speaking, larger polygons
correspond to deeper fractures, which in turn correspond to thicker stressed zones that take significantly
longer time to develop [e.g., Lachenbruch, 1961, EI-Maarry et al., 2012]. However, if these small embedded
features are indeed polygonal fracture systems, then what is observed on comet 67P is contrary to the
conventional geometrical evolution of tensile stress-induced fracture systems, which may indicate two
different formation mechanisms for the irregular patterns and the embedded, ordered ones.

4.1. Other Formation Mechanisms

The presence of fractures in various settings in addition to the presence of unique features such as the Aker,
Anuket, and Hathor fracture systems indicates that further mechanisms may be at work including tectonic
processes that are possibly orbit induced. For example, the length of the Anuket fracture system and the
fact that it does not display any additional parallel or intersecting sets of fractures in its vicinity argues
against common tensile processes that tend to create a widespread stress field-generating networks of
cracks. Moreover, the location of the feature within the neck region between the comet’s two major lobes
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Table 1. A Summary of Possible Formation Mechanisms and Proposed Methods of Testing and Validation for Various Fractures®

Features

Morphology

Location Formation Mechanism

Testing and Validation

Polygonal networks

Fractured cliffs

Fractured boulders

Anuket feature

Aker feature

Hathor fractures

Fractures of variable length
forming irregular polygons.
Some embedded
hummocky features may
be candidate small ordered
polygons.
Fractures on the edges of
cliffs and scarps that usually
display talus deposits at its
feet.

Fractures on large
boulders. Some boulders
being heavily fragmented.

Flat surfaces with notable
examples in the Apis, Nut, and
Atum regions.

thermal contraction,
sublimation-driven desiccation?

Mainly in the Seth region and
exposed scarps in the dusty Ash
and Ma’at regions.

activity-induced stresses?

Probably global.
mechanical fracturing due to
tumbling down.

Thermal insolation weathering,

Thermal insolation weathering,

Thermal insolation weathering,

Modeling, lab testing with
possible constraints on
thermophysical properties of the
surface as well as the detection of
near-surface ice by Philae.

Monitoring of notable sites for
changes (i.e., mechanical failure
or development of new
fractures).
Monitoring of possibly newly
formed boulders following
intensive activity after perihelion

~500 m long fracture
system. forces, activity-induced

~200 m long angular
fracture system.

along the Hathor cliff.

passage.
Currently Unique Features

Anuket region close to the neck. Orbital-induced or tidal-like Modeling, monitoring for
changes during perihelion

torques. passage.

Aker region. Orbital-induced or tidal-like Modelling, monitoring for
forces, activity-induced changes during perihelion
torques. passage.
Long parallel fractures Hathor. Collisions, thermal insolation Modelling of early cometary

weathering. formation scenarios.

¥The mechanisms marked in bold are the preferred candidate mechanisms in this study.

suggests that the Anuket feature may possibly be caused by rotation- or orbit-induced stresses. In particular,
jet activity and solar tidal forces result in torques that can generate forced precession of the body. Such an
excited rotation state induces internal stresses, which could result in the generation of the observed cracks.

On the other hand, the presence of fractures on the cliffs of Hathor in proximity to the neck region may suggest
a collisional origin following formation in the trans-Neptunian primordial disk or a result of subsequent
collisional evolution within the scattered disk assuming the comet is a contact binary [Marchi et al., 2015].
Table 1 summarizes our different formation hypotheses regarding the various observed fractures and ways of
possibly testing or validating them by further investigations from the Rosetta mission.

5. Implications

5.1. Fractures as Erosional Triggers

As presented in section 3.2, fractures are observed on cliffs (Figure 3). Closer inspection shows that such
locations tend to show talus-like deposits at the feet of escarpments, which suggests that fractures
represent the first stage in driving further mass wasting and eventual failure of the cliff material in a
landslide-like process. This process should act on the long term to mechanically erode the surface of the
comet and flatten the landscape. The fact that the surface displays many rough terrains such as the Seth
region suggests that either the comet has not gone through many erosional cycles or there are other
processes that conversely act to roughen the surface topography such as episodes of explosive jet activity.
Indeed, the presence of deep depressions with sharp-looking scarps on both lobes of the comet suggests
that such processes maybe active on the surface [Thomas et al., 2015a; El-Maarry et al., 2015].

5.2. Fractures as Possible Markers of Shallow Subsurface Ice

On Earth and other planetary bodies such as Mars, the presence of thermal contraction polygons is a strong
indicator of the presence of subsurface ice [e.g. French, 2007, and references therein]. While most of the
polygonal fractures observed on the surface of 67P exhibit patterns that are highly irregular, there are
some fractures that display orthogonal intersections. Furthermore, there are indications of smaller
embedded polygons similar to periglacial high-centered polygons. The presence of seasonal thermal
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contraction polygons would suggest the presence of (1) near-subsurface ice and, by consequence, (2) high
thermal inertia regions.

Other instruments onboard the Rosetta spacecraft, namely, the Visible Infrared and Thermal Imaging
Spectrometer (VIRTIS) and MIRO (section 4) have recently reported that the near surface (~top tens of
millimeters) of the surface is mostly volatile free yet organic rich [Capaccioni et al., 2015] and has a very
low thermal inertia in the range of 10-50JK™' m™2s™% [Gulkis et al,, 2015]. However, such measurements,
while being well representative of the surface of the comet overall, do not necessarily account for minor
heterogeneities or the near sub-subsurface below these instruments’ spatial resolution (approximately tens
to hundreds of meters) and vertical sensitivity (a few to tens of millimeters), respectively. Indeed, a close
inspection at high (<0.5 m/pixel) spatial resolution shows that even in regions of the comet that do not
appear to be dominated by dust coatings such as Ash and Ma'at (Figure 1) [Thomas et al.,, 2015a] there
appears to be a significant amount of dust that could be contributing to the globally low thermal inertia.
An example is shown in Figure S2 where a wider view of Figure 2a is showing thin coatings of dust that
appear to be fading away and exposing the underlying fractured terrain.

Furthermore, numerous studies using various modeling approaches and lab experiments such as KOSI
[Kochan et al., 1989; Sears et al., 1999, and references therein] to simulate the evolution of cometary nuclei
conclude that sintering of ice or recondensation of sublimated water vapor following sublimation has the
following consequences: (1) hardening of the near-surface ice layer [e.g., Seiferlin et al., 1995; Kossacki et al.,
1997, 1999], (2) increase of thermal conductivity, especially in the presence of organics [e.g., Kémle et al,
1996], and (3) development of a millimeter-thick surface dust layer [e.g., Griin et al., 1993; Kossacki et al., 1997;
Pommerol et al, 2015], which should act to lower the global surface thermal inertia and mask the
thermophysical properties of the materials directly underneath thus offering a possible explanation for
the VIRTIS and MIRO measurements. The combination of these factors (especially 1 and 2) would favor the
development of large fractures by increasing the surface stiffness or Young’s modulus [e.g., Gudmundsson,
2011], thereby allowing high stresses to develop before fracturing, and the depth of penetration of the
thermal wave, thereby allowing the development of thick stressed regions, and consequently deeper and
wider-spaced fractures [e.g., Lachenbruch, 1961]. However, we note that the relevance of findings from such
lab experiments (particularly those of the KOSI experiments) has been challenged because of the difficulties
involved in simulating cometary conditions in a lab [e.g., Keller and Markiewicz, 1991]. Therefore, more in-
depth modeling and lab work are needed to investigate these aspects. A resumption of operations by the
Philae lander may also help by possibly detecting and characterizing near-subsurface ice or more generally
by constraining some of the thermophysical properties of the surface needed for accurate modeling and
preparation of suitable lab analogs.
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Erratum

In the originally published version of this article,an error appeared in the legend of Figure 3d. The following
has since been corrected, and this version may be considered the authoritative version of record. In the
legend of Figure 3d, “Ash region” has been corrected to “Seth region”.
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